Aims: Clavibacter michiganensis is an important bacterial plant pathogen that causes vast destruction to agriculturally important crops worldwide. Early detection is critical to evaluate disease progression and to implement efficient control measures to avoid serious epidemics. In this study, we developed a sensitive, specific and robust loop-mediated isothermal amplification (LAMP) assay for detection of all known subspecies of C. michiganensis. Methods and Results: Whole genome comparative genomics approach was taken to identify a unique and conserved region within all known subspecies of C. michiganensis. Primer specificity was evaluated in silico and with 64 bacterial strains included in inclusivity and exclusivity panels; no false positives or false negatives were detected. Both the sensitivity and spiked assay of the developed LAMP assay was 1 fg of the pathogen DNA per reaction. A 100% accuracy was observed when tested with infected plant samples. Conclusions: The developed LAMP assay is simple, sensitive, robust and easy to perform using different detection platforms and chemistries. Significance and Impact of the Study: The developed LAMP assay can detect all known subspecies of C. michiganensis. The LAMP process can be performed isothermally at 65°C and results can be visually assessed, which makes this technology a promising tool for monitoring the disease progression and for accurate pathogen detection at point-of-care.
Introduction
Clavibacter michiganensis is a well-known bacterial plant pathogen that causes serious diseases in a wide range of agriculturally important plants and it is characterized as a Gram-positive, nonspore forming, aerobic bacterium which belongs to the family Microbacteriaceae (YasuharaBell and Alvarez 2015; Tambong et al. 2016; Li et al. 2018) . According to the most recent classification, this genus consists of only one species, with nine subspecies based on their host specificity and genetic characteristics (Yasuhara-Bell and Alvarez 2015; Li et al. 2018) . These subspecies are C. michiganensis subsp. michiganensis (Cmm) causing bacterial wilt and canker of tomatoes, C. michiganensis subsp. sepedonicus (Cms) associated with bacterial ring rot on potato, C. michiganensis subsp.
insidiosus (Cmi) associated with wilting and stunting in alfalfa, C. michiganensis subsp. nebraskensis (Cmn) causing wilt and blight in corn, C. michiganensis subsp. tessellarius (Cmt) causing leaf spots and leaf freckles in wheat, C. michiganensis subsp. phaseoli (Cmp) causing leaf yellowing in beans (Gonzalez and Trapiello 2014) , C. michiganensis subsp. capsici (Cmc) causing bacterial canker on pepper (Oh et al. 2016) . Clavibacter michiganensis subsp. californiensis and C. michiganensis subsp. chiloensis are the last two subspecies associated with tomato and pepper seeds . The first three subspecies Cmm, Cms and Cmi are listed as quarantine pathogens in the European Union Plant Health Legislation (http://www.eppo.org/QUARANTINE/listA2.htm) and in other countries. Due to adverse effect of C. michiganesis subspecies on agricultural production worldwide, it is essential to have a sensitive, rapid and field-deployable diagnostic method for specific detection of all known subspecies.
A wide range of diagnostic methods are being used for the detection or identification of C. michiganensis including plating on culture media followed by semiselective plating, classical bacteriological identification tests, serological assays and molecular methods (van Beckhoven et al. 2002; Kokoskova et al. 2010; Vreeburg et al. 2016) . Identification using cultural methods is laborious, timeconsuming and sometimes results are difficult to interpret due to microbial background. Serological techniques which include immunofluorescence cell staining, immunofluorescence colony staining and ELISA (de Boer and Copeman 1980; de Boer et al. 1988 ; N emeth and van Vuurde 2006; Kokoskova et al. 2010) have been developed; these tests are sensitive, with high costs but their success depends on the specificity of the antibodies used. Additionally, these techniques can produce false positive results due to cross-reactivity with nontarget bacterial species. Monoclonal antibody-based immunostrips are available from Agdia Inc (Elkhart, IN) but only for Cmm immunofluorescence and these immunostrips are not available for all the subspecies of C. michiganensis. PCR and real-time qPCR-based methods are sensitive, specific, rapid and widely used among molecular diagnosticians (Schneider et al. 1993; Zhang et al. 2009; Waleron et al. 2011; Feng et al. 2014; Arif et al. 2015) . However, PCR assays based on virulence genes may produce false-negative results (Kaneshiro et al. 2006; Kleitman et al. 2008; Yasuhara-Bell et al. 2013) . Real-time qPCR offers many advantages over PCR, enabling quantification of the pathogen in real time, eliminating need for postamplification processing and minimizing the risk of cross-contamination Tambong et al. 2016) . Several qPCR-based methods have been reported for the detection of Cmi, Cmt (Bach et al. 2003; Marefat et al. 2007) , Cms (Cho et al. 2015; Vreeburg et al. 2016 ), Cmn (Tambong et al. 2016 and Cmm (Luo et al. 2008) .
Isothermal-based methods have also gained the attention of scientists and diagnosticians since these methods are easy, rapid and can be performed at point-of-care with minimum requirement of lab equipment. Isothermal methods such as multiple displacement amplification (Dean et al. 2002; Chen et al. 2015) , helicase-dependent amplification (Vincent et al. 2004) , loop-mediated isothermal amplification (LAMP; Notomi et al. 2000) , recombinase polymerase amplification (Piepenburg et al. 2006) and rolling circle amplification (Dean et al. 2001; Zhang and Tanner 2017) have been developed. Among these isothermal formats, LAMP is gaining more popularity than others because of its speed (<30 min), simplicity, efficiency, sensitivity, ease of operation, no requirement for sophisticated instruments and adaptability to field settings. LAMP is more tolerant to the presence of plant inhibitors compared to PCR-based methods (Francois et al. 2011) . For amplification, LAMP reaction uses Bst DNA polymerase with strand displacement activity and four to six primers recognizing six to eight distinct sequences of a specific target DNA in the organism's genome. The use of internal loop primers accelerates the LAMP reaction and reduces the overall time of detection (Kubota et al. 2008) . The reaction can be performed at a constant temperature from 60 to 65°C without the need for thermal cycling. The DNA target amplification can be visualized by adding an intercalating dye such as SYBR Green I, propidium iodide, Quant-iT PicoGreen, ethidium bromide or by metal-ion indicators (Tomita et al. 2008; Goto et al. 2009; Zoheir and Allam 2011; Duan et al. 2014) . Several LAMP protocols have already been developed and applied for detection of plant pathogenic bacteria from plant tissues, seeds or soil (B€ uhlmann et al. 2013a , 2013b Yasuhara-Bell et al. 2013 , 2016a , 2016b Larrea-Sarmiento et al. 2018) .
The purpose of the current study was to develop a sensitive and rapid diagnostic LAMP assay for specific detection of all known subspecies of C. michiganensis. The assay can be performed in the lab as well as in field settings. The developed assay will enable extension personnel and/or growers to make decisions for early disease management. The test will have applications in routine diagnostics, surveillance and disease epidemiology.
Materials and methods

Bacterial strains, media and culture conditions
A total of 64 bacterial strains were used in this study including 36 of the C. michiganensis subspecies and 28 belonging to phylogenetically related genera listed in the Tables 1 and 2 . The strains listed with 'A' number were obtained from the Pacific Bacterial Collection at the University of Hawaii at Manoa, Honolulu, HI. The Gram-positive and Gram-negative bacterial cultures were taken out from À80°C, and plated onto 2,3,5-triphenyltetrazolium chloride (TZC) media (peptone 10 g l À1 ,
dextrose 5 g l À1 , 0Á001% TZC and agar 17 g l À1 ) and TZC-Sucrose media (TZC-S: peptone 10 g l À1 , sucrose 5 g l
À1
, 0Á001% TZC and agar 17 g l À1 ) respectively (Norman and Alvarez 1989) . The plates were incubated at 26°C (AE2°C) overnight. The purified and isolated colonies were streaked onto YSC medium (yeast extract 10 g l À1 , dextrose 20 g l À1 , calcium carbonate 20 g l
and agar 17 g l À1 ) and incubated at 26°C (AE2°C) overnight. These plates were used to harvest the pure bacterial growth originated from single colony for DNA isolation.
DNA template preparation
For genomic DNA extraction from bacterial cultures, three to four loopfuls of bacterial cells from YSC plate were transferred to a 2-ml Eppendorf tube containing three stainless aluminium beads, and 600 ll of nuclei lysis solution provided with the commercial Wizard â Genomic DNA Purification Kit (Promega, Madison, WI). The bacterial cells were vigorously disrupted using a Mini-BeadBeater 16 (Biospec Products, Bartlesville, OK) with a maximum speed for 1 min. The bacterial genomic DNA extraction was performed following the manufacturer's instructions. The DNA concentrations were estimated using the NanoDrop 2000c UV-Vis Spectrophotometer (Thermo Fisher Scientific Inc., Worchester, MA).
Identity confirmation of the bacterial strains
The identity of each strain used in this study was either confirmed in earlier studies or in the present study using DNA sequences and in silico analysis. In previous study, the identity of the strains was confirmed using housekeeping gene dnaA (chromosomal replication initiator protein) identify of the previously nonsequenced bacterial strains was confirmed using 16S rRNA primers P16s-F1 (5 0 -AGACTCCTACGGGAGGCAGCA-3 0 ) and P16s-R1 (5 0 -TTGACGTCATCCCCACCTTCC-3 0 ) (A. Larrea-Sarmiento and M. Arif, unpubl. data) to amplify the 16S ribosomal RNA region of plant bacteria. GenBank accession numbers are provided in Tables 1 and 2 . The primers were synthesized by Integrated DNA Technologies (Coralville, IA). The PCR components and the cycling conditions were: 20 ll of PCR reaction consisting of 10 ll of 2X GoTaq â Green Master Mix (Promega), 1 ll of each forward and reverse primer (5 lmol l À1 ), 1 ll of DNA template, and 7 ll of nuclease free water. PCR was performed using a Bio-Rad T100 thermal cycler (Bio-Rad, Hercules, CA) with cycling conditions consisting of initial denaturation at 94°C for 5 min and 35 cycles of the following: denaturation at 94°C for 20 s, annealing at 58°C for 30 s and extension at 72°C for 1 min, with a final extension at 72°C for 3 min. After electrophoresis, PCR amplicons were visualized on 1Á5% agarose gel containing ethidium bromide gel stain (Invitrogen, Carlsbad, CA). For sequencing, 5 ll of the PCR product was treated with 2 ll of ExoSAP-IT TM (Affymetrix Inc, Santa Clara, CA) following the manufacturer's instructions. The clean PCR products were sequenced using both sense and antisense P16S primers at GENEWIZ facility (Genewiz, La Jolla, CA). The obtained sequences were aligned, manually edited and assembled using GENEIOUS 10.1.3 (Kearse et al. 2012) . BLASTN tool was used to compare the sequences against the GenBank database of National Center for Biotechnology Information (Altschul et al. 1990 ). The manually edited sequences were deposited in the NCBI GenBank database. Accession numbers of the submitted sequences were MH605375, MH605376, MH605377, MH605378, MH605379, MH605380, MH605381 and MH605382 for A1151, A6266, A6267, A3830, A6178, A1147, A1148 and A1152 strains respectively.
LAMP primer design and reaction conditions
In previous study in our lab, ABC transporter ATP-binding protein/ABC transporter permease was identified and proved as a potential target to develop highly specific diagnostics for all known subspecies of C. michiganensis (A. Larrea-Sarmiento and M. Arif, unpubl. data). Therefore, we used aforementioned region to design specific LAMP primers. Sense and antisense primers were designed corresponding to inner (FIP and BIP) and outer (F3 and B3) primers using Primer Explorer V5 (https:// primerexplorer.jp/e/); internal loop primers (LF and LB) were designed manually to accelerate the LAMP reaction; all primers were checked for thermodynamic parameters as described by Arif and Ochoa-Corona (2013) . The complete genomes of
Rhodococcus fascians (NZ_CP015235) and Ralstonia solanacearum (NC_003295) were retrieved from the NCBI GenBank genome database and aligned using the Mauve, plugin to GENEIOUS 10.2.3 to analyse the different regions in the genomes. This allowed to search and locate the unique gene region, that was used to design specific LAMP primers. The specificity of each primer was confirmed in silico by screening the corresponding sequences using BLASTN tool against the NCBI nucleotide and genome database. The ABC transporter ATP-binding protein/ABC transporter permease gene location in C. michiganensis subspecies genomes was represented using the BLAST Ring Image Generator (BRIGS; Alikhan et al. 2011) . Database ncbi-blast 2.6.0+ was downloaded from NCBI Genbank and was used to generate the BRIG image (Fig. 1) . The six primers consisting of one pair each of inner primers (FIP and BIP), outer primers (F3 and B3) and internal loop primers (LB and LF) are presented in Fig. 2 and Table 3 ; and the location of the primers in the genomes of the five subspecies is shown in Fig. 1 (nuclease-free water) and one with DNA from a healthy plant was used as a negative control; Cmm DNA was used as a positive control. Positive and negative controls were included in all assays. The obtained results were verified by adding 3 ll of SYBR Green I dye (Life Technologies Corporation, Eugene, OR) in each amplified reaction. Samples turning green were considered positive while those remaining orange were considered negative. Results with SYBR Green dye were observed directly either by the naked eye or by placing the reaction tubes under UV light in gel documentation system (Bio-Rad Gel Doc-XR+; Bio-Rad). In addition, 10 ll of the LAMP product was electrophoresed on 2% agarose gel with 19 Tris-acetate-EDTA buffer. Ladder-like amplification was considered as a positive reaction for LAMP assay.
Specificity of LAMP assay
Specificity validation of the LAMP assay was assessed against the bacterial strains included in the inclusivity and exclusivity panels listed in Tables 1 and 2 . The inclusivity panel consisted of the strains from all nine subspecies of C. michiganensis from eight different geographical locations (countries) and seven different hosts (Table 1 ). The exclusivity panel included strains from other plant pathogenic Gram-positive and Gram-negative bacteria; corn saprophytic bacterial strains and healthy plant DNA were included in the panel ( Table 2 ). The amplification of the DNA target produced a sigmoid-shaped curve on the instrument-generated plot; results were confirmed for positive or negative amplification by adding 3 ll SYBR Green dye in each amplified reaction. Results with SYBR Green dye were observed directly either by the naked eye or by placing the reaction tubes under UV light in a gel documentation. After completion of the LAMP reaction, 10 ll of the LAMP product was electrophoresed on 2% agarose gel, stained with ethidium bromide. Positive and negative controls were included in each run of the specificity assay.
LAMP sensitivity and spiked assays
The detection limit of the developed LAMP assay was determined by testing 10 ng to 1 fg 10-fold serially diluted bacterial DNA template prepared in nuclease-free water. From each of these serially diluted DNA samples, 1 ll was added in an individual LAMP reaction mixture. A spiked assay was performed by adding 1 ll of healthy host (tomato) genomic DNA (10 ng ll À1 ) to individual LAMP reaction mix containing 1 ll of 10-fold serially diluted genomic DNA of C. michiganensis subspecies michiganensis. A nontemplate control (NTC; water) was included in each LAMP run. These dilutions along with a NTC were amplified in a Rotor-Gene Q Thermocycler (Qiagen); the LAMP conditions were followed as described above.
LAMP specificity validation using infected samples
Ten strains of Cmn and nine strains of Cmm were grown on YSC medium and incubated at 26°C (AE2°C) for 3 days. Bacterial cells were harvested by flooding each plate with 5 ml of PBS buffer at pH 7Á0. V3 corn developmental stage plants were used for the inoculation following a slightly modified dropped-wounded protocol described by Ahmad et al. (2015) . The third leaf of each plant was wounded halfway between the sheath and the tip by making a cut across three veins on one side of the midrib. Immediately, 10 ll of inoculum containing 10 8 cell per ml was deposited onto the wound using a plastic dropper. For Cmm, 3-week-old tomato plants were inoculated according to Kaneshiro et al. (2006) Target gene selection and genomic variation among the strains. A ring image was generated to locate ABC transporter ATP-binding protein/ABC-transporter permease region. Genomes of Clavibacter michiganensis subsp. michiganensis (NC_009480), C. michiganensis subsp. insidiosus (NZ_CP0011043), C. michiganensis subsp. sepedonicus (NC_010407), C. michiganensis subsp. capsici (NZ_CP012573), C. michiganensis subsp. nebraskensis (NC_020891), Rathayibacter tritici (NZ_CP015515), Corynebacterium efficiens (NC_004369), Rhodococcus fascians (NZ_CP015235) and Ralstonia solanacearum (NC_003295) were retrieved from NCBI GenBank genome database. The mapped genome ring image from the inside out shows: genome coordinates (kbp), GC content (black), GC skew (purple/green). The remaining rings show BLASTN comparison of nine complete genomes following as labelled. Clavibacter michiganensis subsp. michiganensis (NC_009480) was used as reference genome to compare the other genomes and generate the ring image using BRIGS. [Colour figure can be viewed at wileyonlinelibrary.com] minor modification. The stem was punctured between the two cotyledons with a needle and 10 ll of 10 8 CFU per ml of bacterial suspension was deposited directly onto the wound. Negative control plants were mock inoculated with 10 ll PBS alone. Inoculated and control plants were placed into individual plastic bags for 24 h to maintain high humidity and increase the chance of infection. Plant leaf or stem samples were collected 30 days after inoculation. Thereafter, DNA extraction was performed using the commercial Wizard â Genomic DNA Purification Kit according to manufacturer's instructions (Promega). DNA from two naturally Cmn infected corn plants were received from Kansas State University to test with LAMP assays. These naturally infected samples were confirmed as C. michiganensis subspecies nebraskensis by PCR amplification and sequencing of partial dnaA gene region. The amplified products were treated with 2 ll of ExoSAP-IT TM following the manufacturer's instructions. The clean PCR products were sequenced using both sense and antisense dnaA primers at GENEWIZ facility. The obtained sequences were aligned, manually edited and assembled using GENEIOUS 10.1.3. To confirm the identity, BLASTN tool was used to compare the sequences against the NCBI GenBank nucleotide and genome databases. All DNA samples from naturally infected and greenhouse-infected plants were tested using the same LAMP components and conditions as mentioned above.
Results
Genome comparison and in silico validation
The 'signature' gene region present in all C. michiganensis was previously identified in our lab and proved to be an excellent region to specifically detect all known C. michiganensis subspecies (A. Larrea-Sarmiento and M. Arif, unpubl. data) . The ABC transporter ATP-binding protein/ABC transporter permease region is shown in Fig. 1 , where genomes of Cmm, Cmn, Cmi, Cmc and Cms were compared with other closely related Gram-positive bacteria R. tritici, C. efficiens and Rhodococcus fascians. The genome of a Gram-negative bacteria R. solanacearum was also included; the unique region was only present within the genus Clavibacter. Primers designed using ABC transporter ATP-binding protein/ABC transporter permease showed 100% query coverage and 100% identity only with Clavibacter sequences present in NCBI GenBank database (Table 3) . The GC content and length of primers varied from 55 to 67% and 17 to 38 bp respectively (Table 3 ). The location of the primers and their orientations within the selected target gene in the whole genome of C. michiganensis subsp. michiganensis are shown in Fig. 2 .
LAMP specificity
All 36 bacterial strains included in the inclusivity panel were detected using the developed LAMP assay; amplification was shown as a sigmoid-shaped curve in the plot produced by the real-time qPCR thermocycler (Fig. 3a) . Reaction solution in the tubes with target DNA amplification turned to green colour after addition of SYBR Green I and showed high fluorescence under the UV light (Fig. 3b,c) . A ladder/smear-like pattern was observed when amplified products were electrophoresed and visualized on a 2% agarose gel indicating positive amplification (Table 1 ; Fig. 3d ). Ten representatives from nine different subspecies of C. michiganensis, which includes C. michiganensis subsp. michiganensis (A6268), C. michiganensis subsp. nebraskensis (A6204), C. michiganensis subsp. sepedonicus (A2041), C. michiganensis subsp. sepedonicus (A6172), C. michiganensis subsp. chiloensis (A6101), C. michiganensis subsp. capsici (A6112), C. michiganensis subsp. capsici (A6113), C. michiganensis subsp. californiensis (A6134), C. michiganensis subsp. phaseoli (A6135), C. michiganensis subsp. insidiosus (A1149) and C. michiganensis subsp. tessellarius (A6109,) showed positive amplification (Fig. 3) . No exponential curve, no colour change and no ladder-like banding patterns were observed with any nontarget bacterial strains included in the exclusivity panel that included R. rathayi to X. vesicatoria and the NTC, which demonstrated no cross-reactivity with the developed assay ( Table 2) .
Sensitivity of LAMP assay with and without spiking the host genomic DNA
The limit of detection of the LAMP assay was determined using a 10-fold serial dilution of purified genomic DNA of C. michiganensis. The developed LAMP assay showed the detection limit up to 1 fg per reaction. No variation in the sensitivity was observed among the different chemistries used (real-time qPCR, SYBR Green I, UV and gel electrophoresis) for analysis of the LAMP amplification ( Fig. 4a-d) . No change in the sensitivity was observed when 1 ll of a host (a healthy tomato plant leaves) genomic DNA was added to each reaction in addition to 10-fold serially diluted genomic DNA (Fig. 4e-h ). These results demonstrate that the developed LAMP assay is robust and can be used with high reliability.
LAMP assay validation with infected tomato and corn plant samples
The assay was validated testing purified DNA from both artificially inoculated (9 tomato and 10 corn plants) and naturally infected plant tissue (two corn plants; collected during 2017 from Kansas). All artificially infected samples of tomato and corn along with the two naturally infected samples from Kansas produced a sigmoid-shaped curve on the instrument-generated plot, change in colour to green (after addition of SYBR Green stain), fluorescence under UV light and ladder/smear on electrophoresis on the agarose gel. No amplification was observed with healthy control plants nor the NTC (Fig. 5) . LAMP amplification and detection using different chemistries are shown in Fig. 5a -c, and d-f with infected tomato and corn plants respectively. No false positives or false negatives were observed. These results demonstrated high detection capability and reliability of the developed LAMP assay.
Discussion
In the present study, the LAMP assay was developed and validated to specifically detect the all known subspecies of C. michiganensis. The complete genomes of five subspecies of C. michiganensis were aligned and used to confirm the suitability of ABC transporter ATP-binding protein/ABC transporter permease as a signature diagnostic region to specifically detect all subspecies of C. michiganensis. The developed LAMP assay is rapid and specific, showed 100% accuracy with the members of inclusivity and exclusivity panels; no cross-reactivity was observed (Tables 1 and 2 ). Moreover, the assay showed high sensitivity and detected up to 1 fg of template DNA per reaction when sensitivity and spiked assay were performed (Fig. 4) . Accurate detection of all artificially and naturally infected samples with C. michiganensis subspecies (Cmm and Cmn; Fig. 5 ) demonstrated the robustness of this assay and its amenability to use in the field settings. The first LAMP assay was reported for the detection of plant pathogenic bacteria R. solanacearum and R. solanacearum race 3 biovar 2 (Kubota et al. 2008 (Kubota et al. , 2011 . Later, LAMP assays were reported for several other bacterial plant pathogens, including Erwinia amylovora, Xanthomonas arboricola, Pseudomonas fuscovaginae, Pectobacterium carotovorum and C. michiganensis subspecies michiganensis and C. michiganensis subspecies nebraskensis (B€ uhlmann et al. 2013a , 2013b Yasuhara-Bell et al. 2013 , 2016a , 2016b Ash et al. 2014) .
The LAMP method is most prevalent and popular compared to the other point-of-care amplification methods due to its simplicity, which eliminates the need for sophisticated lab equipment and can be performed at isothermal conditions (Mori et al. 2013) . Furthermore, the sensitivity, amplification efficiency and specificity are considerably higher compared to PCR including real-time qPCR (Notomi et al. 2000; Zhang et al. 2014) . Additionally, LAMP is more robust compared with other conventional PCR methods and is more resistant to inhibitors present in DNA samples (Poon et al. 2006; Zhang et al. 2014) . Due to the incorporation of the loop primers, the assay can be performed in less than 20 min, and isothermal amplification temperature allows this method to be used easily in the field conditions. The method reported in the present study showed a broad range detection capability (Table 1 ) and specificity (Tables 1 and 2) for detection of all known nine subspecies of C. michiganensis. The assay also showed improved sensitivity over the previously reported methods developed for Cmm and Cmn (Yasuhara-Bell et al. 2013; , 2016a . The current assay was validated using the SYBR Green I dye to visually monitor the reaction at the endpoint. SYBR Green is a DNA-binding dye that selectively binds to the double-stranded DNA resulting in a visible colour change to green in case of positive amplification; this colour change can be detected by visual inspection and/or fluorescence can be observed under UV Larrea-Sarmiento et al. 2018) . SYBR Green I dye is reportedly more sensitive compared with turbidity measurements (Soli et al. 2013; Zhang et al. 2014) . In our assay, both real-time and SYBR Green dye-based detection showed no variation in the sensitivity and specificity. No false-positive or false-negative results were observed during the validation procedure. The LAMP assay reaction amplification is rapid (less than 20 min) and required an isothermal temperature (65°C), the reaction can be performed in a water bath or heating block and amplification can be visualized using SYBR Green I dye. These characteristics make LAMP technique suitable for diagnosis and surveillance to facilitate better management of the outbreaks caused by C. michiganensis. High specificity, reliability and accuracy are the desirable characteristics of an assay to be employed in monitoring and surveillance programmes Ouyang et al. 2013) . The use of a comparative whole genome approach led to the development of a robust and specific method with broad range detection capabilities. To ensure the specificity of the method, it is important to avoid any inadvertent cross-reaction with the nontarget micro-organism and host (Malapi-Wight et al. 2016) . All 36 C. michiganensis subspecies showed 100% positive amplification results with the real-time, SYBR Green I dye and agarose gel electrophoresis. No cross-reactivity to the other closely related bacterial genera or species was detected. Furthermore, no false positive results were observed with the healthy hosts (negative controls) or the NTC (water) indicating the robustness of the developed assay.
The sensitivity of a LAMP assay for the detection of a target micro-organism is also an important consideration when demonstrating the utility of an assay. The limit of detection of the assay using the pure genomic DNA of C. michiganensis was 1 fg per reaction (Fig. 4a-d) . The presence of host DNA has been reported to interfere with the activity of the polymerase due to the presence of strong DNA-binding domains, removing polymerase from the reaction, reducing its activity and thus resulting in higher C t values (Hoy et al. 2001; Strayer et al. 2016) . Therefore, the sensitivity assay was performed in the presence of the background DNA from the host plant. No change in the sensitivity (1 fg per reaction) was observed when 1 ll of host genomic DNA was added into the reaction mix (Fig. 4e-h ). The utility of the developed method was also confirmed by testing it with infected tomato and corn samples. Positive amplification was observed with all the infected samples; no false positive or false negative results were observed. This demonstrated that the LAMP assay can be used for detection of C. michiganensis from infected plants.
In conclusion, the developed LAMP assay in combination with the SYBR Green I dye detection method was found to be simple, sensitive, specific and rapid for detection of all known nine subspecies of C. michiganensis. Several detection chemistries were used to validate the developed LAMP assay providing some flexibility to the end users. The developed assay has application in surveillance, disease management and epidemiology. To our knowledge, this is the first report of an isothermal method for specific detection of all nine subspecies of C. michiganensis. 
